Introduction
Inflammation is characterized by 5 cardinal signs: rubor (redness), calor (increased heat), tumor (swelling), dolor (pain), and functio laesa (loss of function). As a cardinal feature of inflammation, pain protects the inflamed tissue by sending a warning (nociceptive) signal to the brain and triggering a withdrawal response. Activation of nociceptive neurons (nociceptors) in the PNS is also known to cause neurogenic inflammation and neuroinflammation by producing neuropeptides (e.g., substance P) and chemokines (e.g., CCL2) (1, 2) . However, the ablation of nociceptive neurons potentiates bacteria-induced inflammation (3) . Inflammation after tissue injury causes sequential infiltration of immune cells, including neutrophils (within hours) and macrophages (MΦs) (within days), into the damaged tissue (4) . These immune cells produce inflammatory mediators such as proinflammatory cytokines (TNF, IL-1β) that elicit inflammatory pain by binding to cytokine receptors on nociceptors throughout skin, muscle, and joint tissues (5, 6) .
The function of inflammation is to eliminate the initial cause of cellular injury, leading to tissue repair and a return to homeostasis. The resolution of acute inflammation is an active process involving the production of specialized proresolving mediators (SPMs), such as resolvins and maresins, which are biosynthesized from omega-3 unsaturated fatty acids. SPMs potently suppress inflammatory pain at doses that are much lower than those for morphine (7) (8) (9) . In particular, protectin D1 (PD1) or neuroprotectin D1 (NPD1) is synthesized from docosahexaenoic acid (DHA) and induces potent inhibition of inflammation and inflammatory pain via its multiple actions on neurons, immune cells, and glial cells (10, 11) . SPMs are known to activate GPCRs to meditate their antiinflammatory and proresolution actions (8, 12, 13) , but the receptors for NPD1 are still unknown.
SPMs are known to resolve inflammation by promoting phagocytosis to remove pathogens and cell debris after inflammation (14) . Phagocytosis in mammalian immune cells is activated by the attachment of these cells to pathogen-associated molecular patterns such as zymosan. MΦs play a critical role in phagocytosis (15, 16) and exhibit different phenotypes, such as proinflammatory M1-like phenotypes and antiinflammatory M2 phenotypes, which mediate detrimental and protective actions of MΦs, respectively (16) . However, the signaling mechanisms underlying MΦ phagocytosis and phenotypic changes are not fully understood.
GPR37, also known as parkin-associated endothelin-like receptor (Pael-R), is highly expressed in the brain (17, 18) and has been implicated in neurological disorders such as Parkinson's disease and autism. GPR37 is a substrate of parkin, and its insoluble aggregates were found to be accumulated in Lewy bodies in brain samples from patients with Parkinson's disease (19) . GPR37 also associates with the dopamine transporter to modulate dopamine uptake (20) . Mutations in the GPR37 gene are associated with autism spectrum disorders (21) . GPR37 is also expressed by oligodendrocytes in the brain and spinal cord to regulate the differentiation of these glial cells (22) . The role of GPR37 in immune cells remains unknown. Prosaposin and prosaposin-derived 14-mer peptide (TX14) are ligands of GPR37 and exhibit neuroprotec-
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GPR37 regulates macrophage phagocytosis and resolution of inflammatory pain (Figure 2 , A-C). TX14 (1 μM) and NPD1 (30 nM) elicited significant increases in iCa 2+ (P < 0.05). The SPMs resolvins (RvE1, RvD1, RvD2) and lipoxin A1, even at a higher concentration (100 nM), failed to increase iCa 2+ in GPR37-expressing HEK293 cells. The precursors of these SPMs, DHA and eicosapentaenoic acid (EPA), at a very high concentration (1 μM), also did not evoke calcium responses ( Figure 2C ). Dose-response analysis revealed that NPD1 is more potent than TX14 in inducing iCa 2+ increases in HEK293 cells ( Figure 2D ), with respective EC 50 of 26 nM and 407 nM for NPD1 and TX14. We found that the NPD1-induced iCa 2+ increase was completely blocked by pertussis toxin (PTX), indicating the involvement of Gi-mediated GPCR signaling ( Figure 2E ). The NPD1-induced iCa 2+ increase was also inhibited by thapsigargin, BAPTA-AM [1,2-bis(o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid acetoxymethy ester], and EGTA ( Figure 2E ), suggesting that both influx of extracellular Ca 2+ and release from the iCa 2+ store contribute to the increase in iCa
2+
. Several SPM receptors, such as CMKLR1 (also known as ChemR23) for RvE1, GPR32 for RvD1, and ALX, have been identified for lipoxin A (7, 12, 13) . We transfected human cDNAs of CMKLR1, GPR32, and ALX into HEK293 cells and checked Ca 2+ responses following the treatment with each SPM. Notably, NPD1 failed to elicit an iCa 2+ increase in HEK293 cells expressing ChemR23, GPR32, and ALX (Supplemental Figure 2 , A-C), indicating a specific action of NPD1 on GPR37. RvE1, RvD1, and lipoxin A also failed to evoke Ca 2+ responses in HEK293 cells that expressed CHEMR23, GPR32, and ALX, respectively (Supplemental Figure  2 , A-C). This result suggests that, compared with these SPMs, the Ca 2+ response is unique to NPD1. To determine whether NPD1 and TX14 bind to GPR37, we conducted a dot blot assay by coating the blots with different concentrations of NPD1 and TX14. We also included RvE1 as a negative control. The blots were then incubated with cell lysates from HEK293 cells transfected with GPR37 cDNA or empty vector (mock transfection). We found a dose-dependent binding of TX14 and NPD1, but not RvE1, to GPR37-containing lysates, whereas cell lysates from the mock transfection (GPR37-negative) did not show binding to TX14 or NPD1 ( Figure 2F , Supplemental Figure 3 , A-C). Dose-response curve analysis revealed that NPD1 has a higher binding affinity for GPR37 than for TX14 (Supplemental Figure 3B) .
Next, we conducted GPR37-mediated Ca 2+ imaging in pMΦs from WT and Gpr37 −/− mice using Fluo-4AM as a Ca 2+ indicator, since this dye works better than Fura-2AM for pMΦs. We found that NPD1 (30 nM) elicited a robust and sustained iCa 2+ increase in pMΦs but that this increase was abolished in Gpr37-deficient pMΦs ( Figure 2 , G and H). As compared with the iCa 2+ increase in HEK293 cells, NPD1 triggered a slow-onset but more persistent Ca 2+ response in pMΦs (Figure 2 , B and G). A relatively rapid calcium response in HEK293 cells (reaching a peak in 2 to 3 min) may result from overexpression of GRP37. A delayed and sustained iCa 2+ increase in pMΦs (reaching a peak in 7 to 10 min) may result tive and analgesic effects (23, 24) . In this study, we found that GPR37 was expressed by MΦs but not microglia. We also identified GPR37 as a potential receptor for NPD1, which is required for NPD1-induced intracellular Ca 2+ (iCa
) signaling and phagocytosis in MΦs. These actions of NPD1 were abolished in Gpr37-deficient MΦs. Finally, we demonstrated that GPR37 is critical for MΦ-mediated resolution of inflammatory pain.
Results
GPR37 is expressed by MΦs, but not microglia. IHC revealed that GRP37 immunoreactivity (IR) is present in the dermis of hind paw skins of WT mice ( Figure 1A) . We validated the specificity of the GPR37 antibody by loss of staining in the skin of Gpr37 −/− mice ( Figure 1B) . ISH consistently showed that Gpr37 mRNA was coexpressed with GPR37 protein in the dermis (Supplemental Figure  1A ; supplemental material available online with this article; https:// doi.org/10.1172/JCI99888DS1). Double staining showed that GPR37 was largely colocalized with the MΦ marker CD68 ( Figure  1A ). Flow cytometry showed that GPR37 was expressed in 30% of F4/80 + MΦs ( Figure 1 , C and D). Thus, GPR37 was primarily expressed by skin MΦs (sMΦs). We also collected peritoneal MΦs (pMΦs) for flow cytometric analysis, and the result showed GPR37 expression in 65% of WT mouse pMΦs, but GPR37 expression was absent in Gpr37 −/− mice ( Figure 1D ). Interestingly, we found that the number of F4/80 + sMΦs and pMΦs was comparable in WT and Gpr37 −/− mice ( Figure 1D ), suggesting that GPR37 does not regulate the genesis or proliferation of MΦs. Immunocytochemistry in pMΦs showed high levels of colocalization of GPR37 and F4/80 in WT but not Gpr37 −/− mice ( Figure 1E ). Confocal analysis revealed surface and cytoplasm localization of GPR37 in pMΦs ( Figure 1F ). We were also able to detect surface expression of GPR37 by flow cytometry using a non-cell-permeable method ( Figure 1, C and D) .
Since GPR37 plays a role in neurological and neuropsychiatric diseases (19) , we next examined the expression of GPR37 in the PNS (dorsal root ganglia [DRG] ) and the CNS (spinal cord and brain). IHC showed GPR37 expression in F4/80 + MΦs in DRG (Supplemental Figure 1B) . Western blotting detected a single band of GRP37 in brain and spinal cord tissues of WT mice, but this band disappeared in KO mice ( Figure 1G and Supplemental Figure  1E ). We also detected GPR37 bands in skin and pMΦs ( Figure 1G and Supplemental Figure 1E ).
Microglia are MΦ-like cells in the CNS that release proinflammatory cytokines to regulate neuroinflammation and pathological pain (25) . Double staining revealed no colocalization of GPR37 with the microglial marker CX3CR1 in the spinal cords of Cx3cr1-GFP mice ( Figure 1H ). We also used LacZ staining to check for Gpr37 mRNA expression in the spinal cords and brains of Gpr37 +/− mice. LacZ-labeled nuclei were primarily found in the white matter of the brain (e.g., corpus callosum) ( Figure 1I ) and the spinal cord (Supplemental Figure 1, C and D) . We did not observe colocalization of Gpr37-expressing nuclei (labeled by lacZ) with IBA1, a marker for microglia ( Figure 1I ). Collectively, these data suggest that GPR37 is expressed by MΦs but not microglia. D and E). The percentages of MΦs that responded to NPD1 and TX14 were almost identical (Supplemental Figure 2F ).
NPD1 induces iCa

NPD1 increases MΦ phagocytosis in vitro via GPR37. We investigated whether iCa
2+ increases would trigger phagocytosis of pathogens such as zymosan by MΦs (30) . As a widely used pathogen, zymosan activates TLR2 to trigger inflammation and inflammatory pain in rodents after intraplantar (i.pl.) injection (31, 32) . We tested phagocytosis in pMΦs using fluorescence-labeled zymosan particles. NPD1 caused a dose-dependent increase in phagocytic activity; we observed more zymosan particles in pMΦs after the treatment (30 nM for 30 min) ( Figure 3 , A and B). NPD1 further increased the percentage of pMΦs showing the phagocytosis of zymosan particles ( Figure 3B ). These NPD1-evoked increases in phagocytic activity were dose dependent in WT MΦs and abolished in Gpr37-deficient MΦs ( Figure 3 , A and B). MΦ phagocytosis was also induced by TX14, RvD1, and RvE1, but only the TX14-induced phagocytosis required Gpr37 ( Figure 3C ). However, the basal phagocytic activity did not change in pMΦs from Gpr37-KO mice ( Figure 3C ). from the expression of additional ion channels such as transient receptor potential (TRP) channels in these immune cells. It is noteworthy that MΦs express TRPV2 (27) and TRPM2 (28, 29) , which are involved in phagocytosis during bacterial infection. Like NPD1, TX14 also elicited a GPR37-dependent iCa 2+ increase in pMΦs ( Figure 2H ). As expected, RvD1 and RvE1 (100 nM) did not alter iCa 2+ levels in pMΦs ( Figure 2I ). We found that the NPD1-triggered iCa 2+ increase in pMΦs was also Gi dependent, since PTX blocked this increase ( Figure 2I ). For comparison, we observed that the ATP-evoked iCa 2+ increase was not altered in GPR37-deficient pMΦs ( Figure 2I ). Dose-response analysis showed that NPD1 was more potent than TX14 in inducing iCa 2+ increases in pMΦs, with respective EC 50 values of 19.5 nM and 302.5 nM for NPD1 and TX14 ( Figure 2J ). Together, these data suggest that GPR37 serves as a receptor for NPD1 and mediates NPD1-elicited Ca 2+ responses in both heterologous cells and native pMΦs. There was no obvious desensitization of Ca 2+ signaling after repeated applications of NPD1 or TX14 in pMΦs (Supplemental Figure 2 , We further explored the intracellular signaling mechanisms underlying phagocytosis in pMΦs. NPD1-induced phagocytosis, as well as baseline phagocytosis, was blocked by BAPTA-AM, indicating a critical involvement of iCa 2+ ( Figure 3D ). By contrast, ionomycin (2 μM) markedly increased phagocytosis in both WT and Gpr37-KO mice ( Figure 3C ), suggesting that iCa 2+ is sufficient to trigger phagocytosis. NPD1-induced phagocytosis was also inhibited by the Gi blocker PTX, the ERK pathway inhibitor U0126, and the PI3K/AKT pathway inhibitor LY294002 ( Figure 3D ). Collectively, our results suggest that NPD1 induces phagocytosis of pMΦs via GPR37, iCa 2+ , and the PI3K/AKT and ERK signaling pathways. GPR37 regulates MΦ phagocytosis in inflamed hind paw skin. We took advantage of pHrodo Red dye-conjugated zymosan, which shows red fluorescence after phagocytosis, because of the lower pH values in intracellular compartments such as phagosomes (pH 5-6) ( Figure 4A ). Using the zymosan model, we compared the time course of edema, infiltration of immune cells (neutrophils and MΦs), and phagocytosis of zymosan particles and neutrophils by MΦs following i.pl. injection of the labeled zymosan particles (20 μg/20 μl) into a hind paw ( Figure 4B ). Zymosan produced rapid edema, as indicated by an increase in hind paw volume. This edema was evident at 2 hours, peaked at 4 hours, declined but was maintained on day 1, and recovered on day 8 ( Figure 4C ). IHC revealed a sequential infiltration of immune cells, first neutrophils (Gr-1 + ), then MΦs (CD68 + ), into the inflamed hind paw skin ( Figure  4D ). Gr-1 IR began to increase at 4 hours, peaked at 24 hours, and declined on day 2 ( Figure 4D and Supplemental Figure 4A ). CD68 IR showed a delayed but sustained increase in inflamed paw skin that began on day 1, peaked on day 5, and declined but remained elevated on days 8 and 21 ( Figure 4D and Supplemental Figure 4A ). The time courses of zymosan phagocytosis and GPR37 IR were very similar to that of CD68 IR in sMΦs, peaking on day 5 ( Figure 4 , D and E, Supplemental Figure 3A ). Double immunostaining demonstrated that (a) GRP37 was expressed in CD68 + MΦs (Supplemental Figure 4B ), and (b) phagocytized zymosan particles predominantly localized in sMΦs expressing GPR37 in the inflamed paws of WT mice ( Figure 4F ). However, phagocytized zymosan levels in the inflamed hind paw skin were markedly reduced in Gpr37-KO mice ( Figure 4G and Supplemental Figure 5A ). As compared with WT mice, Gpr37-KO mice did not show any changes in the intensity of CD68 IR in the skin of naive mice or inflamed mice on day 1 or day 5 ( Figure 4H and Supplemental Figure 5B ), but showed a partial reduction in F4/80 + sMΦs in the inflamed skins on day 5 (Supplemental Figure 5C ). Thus, a lack of GPR37 has limited impact on the general population of MΦs, especially during the induction phase of inflammation. Notably, we observed a delayed increase in GPR37 + sMΦs in the inflamed paws in WT mice, with a peak on day 5 ( Figure 4I and Supplemental Figure 5D ). This result suggests a role of GPR37-expressing sMΦs in the resolution of inflammation.
Phagocytic activity against apoptotic neutrophils is also critical for the resolution of inflammation (33) . In agreement with the IHC analysis, flow cytometry confirmed a time-dependent change in neutrophil numbers after zymosan injection: the number of skin neutrophils peaked on day 1 but returned to baseline on day 5 in WT mice, indicating an elimination of neutrophils during the resolution phase (Supplemental Figure 6A) . Compared with WT mice, we found that neutrophil numbers in the inflamed skin of Gpr37 −/− mice were unaltered (P > 0.05, Supplemental Figure 6A ). Importantly, the phagocytic activity of sMΦs against neutrophils was substantially reduced in Gpr37 −/− mice compared with that seen in WT mice (Supplemental Figure 6B) . Histochemical examination also showed sMΦs engulfing Gr-1-labeled neutrophils in the inflamed skin of WT mice (Supplemental Figure 6, C and D) . Taken together, these findings indicate that zymosan induces distinct time courses in edema, neutrophil infiltration, and MΦ infiltration in the inflamed skin and that GPR37 plays an essential role in MΦ phagocytosis of pathogens (zymosan particles) and apoptotic neutrophils in the inflamed skin.
GPR37 regulates distinct expression of pro-and antiinflammatory cytokines in MΦs. MΦs may exhibit different phenotypes such as the resting phenotype (M0), proinflammatory phenotypes (M1-like), and antiinflammatory/proresolution phenotypes (M2-like) (34) . These phenotypes are characterized by distinct expression of proinflammatory cytokines (e.g., IL-1β) and antiinflammatory cytokines (IL-10, TGF-β). Zymosan increased both Il1b mRNA levels and IL-1β protein levels in the inflamed skin of WT mice, but these increases were greater in Gpr37-KO mice ( Figure  5 , A and B). Zymosan also increased the expression of the antiinflammatory cytokines IL-10 and TGF-β at both mRNA and protein levels in inflamed skin. Notably, these increases were abolished in the KO mice, especially in the resolution phase of inflammation on day 5 ( Figure 5, C-F) . In pMΦ cultures, NPD1 suppressed IL-1β levels but increased IL-10 and TGF-β levels following zymosan treatment, and these actions of NPD1 required GPR37 (Supplemental Figure 7) . Therefore, GPR37 regulated MΦ phenotypes by suppressing the expression of proinflammatory cytokines (IL-1β) and increasing the expression of antiinflammatory cytokines (IL-10 and TGF-β) in zymosan-activated MΦs in the inflamed skin.
GPR37 and MΦs contribute to the resolution of inflammatory pain. We investigated whether zymosan-induced inflammatory pain would be altered in Gpr37 −/− mice by conducting a timecourse study of inflammatory pain from 2 hours to 28 days ( Figure  6A) . Administration of i.pl. zymosan elicited rapid (<2 h) inflammatory pain in WT mice, as characterized by heat hyperalgesia and observed by a reduction in paw withdrawal latency to radiant heat stimulation, and mechanical allodynia, as observed by a reduction in the paw withdrawal threshold to von Frey hair stimulation. Mechanical allodynia was more persistent than heat hyperalgesia in WT mice, resolving on day 5 and day 2, respectively ( Figure 6 , A and B). Compared with WT mice, zymosan-induced heat hyperalgesia and mechanical allodynia were prolonged in Gpr37 −/− mice. The duration of heat hyperalgesia was prolonged from 2 days in WT mice to 8 days in KO mice ( Figure 6B ). In particular, the duration of mechanical allodynia was prolonged from 5 days in WT mice to more than 28 days in KO mice. Indeed, mechanical allodynia failed to resolve in Gpr37 −/− mice by day 28 ( Figure 6B ). IL-1β is a key proinflammatory cytokine and critically involved in inflammatory pain (6) . Injection (i.pl.) of IL-1β induced heat hyperalgesia and mechanical allodynia in WT mice, but both pain symptoms were prolonged in Gpr37 −/− mice ( Figure 6C ). We also compared baseline pain sensitivity in WT and KO mice by assessing heat sensitivity in Hargreaves and hot plate tests; mechanical sensitivity in von Frey, Randall-Selitto, and pinprick tests; and cold sensitivity in acetone tests. We did not observe jci.org Volume 128
Number 8 August 2018 ( Figure 7A and Supplemental Figure 9A ). In contrast, the number of neutrophils was not affected by the toxin (Supplemental Figure 9B) . Importantly, this MΦ depletion recapitulated the pain phenotypes observed in Gpr37 −/− mice: the resolution, but not the induction, of inflammatory pain (heat hyperalgesia and mechanical allodynia) was impaired after the clodronate treatment ( Figure 7B ). To determine whether MΦs are sufficient for the resolution of inflammatory pain, we performed an adoptive transfer of MΦs into WT and Gpr37-KO mice 1 day after the zymosan injection. Strikingly, the deficits in inflammatory pain resolution in the KO mice were rescued by the transplantation of WT MΦs. Thus, we found no differences in the recovery of heat hyperalgesia or mechanical allodynia between the WT and KO mice ( Figure 7 , C and D). As expected, adoptive transfer of Gpr37-deficient MΦs from KO mice failed to resolve the inflammatory pain deficit in the KO mice ( Figure 7E ). Collectively, our data suggest that GPR37 in MΦs critically contributes to the resolution of inflammatory pain.
IL-10 was implicated in the protection against and resolution of neuropathic pain (36, 37) . To define a role of IL-10 in the resolution of zymosan-induced inflammatory pain, we administered anti-IL-10-neutralizing antibody or control IgG 1 day after the induction of inflammation ( Figure 8A ). Compared with control IgG, the neutralizing antibody impaired the resolution of heat hyperalgesia and mechanical allodynia ( Figure 8B ).
Finally, we investigated whether MΦs resolve inflammatory pain via the release of IL-10. To this end, we blocked IL-10 from MΦs by i.pl. coadministration of WT MΦs and the anti-IL-10 antibody to WT and KO mice ( Figure 8C ). As shown Figure 7D , we demonstrated that transplantation of WT MΦs into Gpr37-deficient mice could promote the resolution of inflammatory pain. However, the proresolving effect of WT MΦs was compromised by the coadministration of the anti-IL-10 antibody ( Figure 8D ). This result suggests that WT MΦs may contribute to the resolution of inflammatory pain in KO mice via IL-10 secretion.
Discussion
Phagocytosis is a key function of MΦs in the resolution of inflammation. Increasing evidence suggests that SPMs such as resolvins, any changes in these sensory tests in naive Gpr37 -/-mice that had no tissue injury or inflammation ( Figure 6 , B and D). It is suggested that the neural pathways of normal pain perception are intact in KO mice. Nor did the KO mice display impairment of motor function in the Rotarod test ( Figure 6E ). Compared with WT mice, Gpr37-KO mice also had normal development of the sensory system and showed no loss of DRG sensory neurons or their peripheral or central innervations (Supplemental Figure 8) . WT and KO mice showed comparable acute inflammatory pain induced by i.pl. injection of capsaicin ( Figure 6F) . Furthermore, the onset and early development of inflammatory pain, in the first several hours, were unaltered in the zymosan and IL-1β models ( Figure  6 , B and C). Zymosan induced identical edema (paw swelling) in WT and KO mice ( Figure 6G) . Notably, the edema was associated with the induction phase of inflammatory pain, peaking within 4 hours and resolving within 2 days in both WT and KO mice ( Figure  6G ). Therefore, GPR37 regulates the resolution phase but not the induction phase of inflammatory pain.
Given the important role of GRP37 in MΦ signaling, we examined the specific contribution of MΦs to zymosan-induced inflammatory pain using both loss-of-function (MΦ toxin) and gain-of-function (cell adoptive transfer) approaches. Depletion of MΦs via systemic injection of the MΦ toxin clodronate (35), administered 2 hours and 48 hours prior to the zymosan injection, largely reduced the number of MΦs in the inflamed skin in vitro and in vivo assays. We found that GPR37 was expressed by MΦs (including pMΦs, sMΦs, and DRG MΦs) but not by microglia. Thus, GPR37 may serve as a new marker to distinguish microglia from MΦs. We discovered in this study that NPD1 elicited a marked iCa 2+ increase in GPR37-transfected HEK293 cells and Gpr37-expressing pMΦs but not in Gpr37-deficient pMΦs, whereas SPMs such as RvD1 and RvE1 and their precursors DHA and EPA failed to alter protectins (NPD1), and maresins produce potent proresolution and antiinflammatory actions, in part by enhancing MΦ phagocytic activity (7, 38) . However, it remains unclear how SPMs regulate MΦ phagocytosis, although activation of the AKT and ERK signaling pathways is important for resolvin E1-induced phagocytosis (39, 40) . In this study, we identified GPR37 as a potential receptor for NPD1, because (a) NPD1 bound to GPR37, and (b) GPR37 mediated the NPD1-induced MΦ phagocytosis in both in this study were global KO mice, we validated the selective role of GPR37 in MΦ signaling in pMΦs and sMΦs. We also demonstrated a sufficient role of MΦs in inflammatory pain resolution by MΦ adoptive transfer experiments in vivo (Figures 7 and 8 ).
The zymosan model is especially suitable for investigating the resolution mechanisms of inflammatory pain. This model allows for the study of inflammation, phagocytosis, and inflammatory pain simultaneously in the inflamed hind paw skin. We have provided several lines of evidence to support a critical role of GPR37 and MΦs in the resolution of inflammatory pain. First, a timecourse study showed that MΦ numbers, zymosan phagocytosis, and GPR37 expression in the inflamed skin all peaked on day 5 during the resolution, but not the induction, phase of inflammatory pain. Second, Gpr37 deficiency and MΦ depletion impaired iCa 2+ in pMΦs or HEK293 cells expressing respective SPM receptors (GPR32 and Chem23) (Supplemental Figure 2 , A-C). GPR37 was required for the NPD1-evoked iCa 2+ increase via Gi-coupled signaling. In particular, the iCa 2+ increase was both sufficient and required for MΦ phagocytosis. Thus, we have identified what we believe to be a unique signaling pathway through which NPD1/ GPR37 triggers phagocytosis. In contrast, a majority of the identified SPMs engage β-arrestin-2-mediated signal transduction (13) . While we focused this study on pMΦs, NPD1 may have additional receptors in DRG cells such as sensory neurons (10) . GPR37 is known to be expressed in neurons and oligodendrocytes in the CNS (22) . However, we did not find any developmental defects in primary sensory neurons or the associated neural pathways of pain in Gpr37-deficient mice. Although the Gpr37-deficient mice used ., 50,000 cells, D) but not Gpr37-deficient MΦs (KO MΦs) (E) promoted the resolution of heat hyperalgesia and mechanical allodynia in Gpr37 -/-mice. Note that the differences between Gpr37 -/-and WT mice (revealed in Figure 6B ) were abolished after the treatment (D). *P < 0.05 versus Gpr37 -/-; 2-way ANOVA. n = 5 mice/ group. Data represent the mean ± SEM. jci.org Volume 128
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ical enhancement of phagocytosis and phenotypic switching of MΦs have translational potential in the treatment of chronic pain and inflammatory disorders. Notably, ineffective phagocytosis of amyloid-β by MΦs was found in patients with Alzheimer's disease (41), and promoting phagocytic activity could be beneficial for the prevention and treatment of the disease. NSAIDs such as COX-2 inhibitors are well known for controlling acute inflammation and inflammatory pain (42, 43) , but they also prolong the duration of inflammation (44) . The resolution of inflammation is emerging as a new therapeutic frontier (45) (46) (47) . Specific targeting of GPR37 in MΦs by NPD1 or its mimetics or small-molecule agonists of GPR37 may help to treat inflammatory pain and other inflammation-related disorders.
Methods
Reagents. NPD1 and RvE1 were gifts from Resolvyx Pharmaceuticals. We purchased pHrodo Red Zymosan Bioparticles Conjugate from Thermo Fisher Scientific (catalog P35364) and TX14 from Anaspec. RvD1, RvD2, DHA, EPA, and lipoxin A were purchased from Cayman Chemical. We also purchased LY294002 from Selleckchem, U0126 and IL-10-neutralizing antibody from MilliporeSigma (catalog I5145-1MG), and BAPTA-AM, Fura2-AM, and Flou4-AM from Thermo Fisher Scientific. Clodronate liposomes were purchased from Liposoma B.V.
the resolution of inflammatory pain by increasing the duration of pain. Third, adoptive transfer of WT, but not Gpr37-deficient, MΦs was sufficient to rescue resolution deficits in Gpr37-KO mice. The accumulation of pathogens and apoptotic cell remnants often causes chronic inflammation and autoimmune disorders, which are associated with chronic pain. Therefore, GPR37-mediated MΦ phagocytosis may resolve inflammatory pain by controlling the duration of inflammation. Our finding also reveals that MΦs promote the resolution of inflammatory pain via production of the antiinflammatory cytokine IL-10. It remains to be determined whether MΦs resolve inflammatory pain by producing additional antiinflammatory and antinociceptive mediators. MΦs have different phenotypes, such as proinflammatory M1-like phenotypes and antiinflammatory M2 phenotypes, as well as many intermediate phenotypes that mediate the detrimental and protective actions of MΦs (15, 16) . Our study has shown a critical role of GPR37 is regulating MΦ phenotypes. Notably, GPR37-expressing MΦs exhibited proresolution M2-like phenotypes by producing lower levels of IL-1β but higher levels of IL-10 and TGF-β. In contrast to acute inflammation, chronic inflammation is often detrimental, leading to a host of diseases, such as chronic pain, periodontitis, atherosclerosis, rheumatoid arthritis, and even cancer (25) . Thus, pharmacolog- to stain cell nuclei in the tissue sections. The stained sections were examined with a Nikon fluorescence microscope, and images were captured with a CCD SPOT camera (SPOT Imaging). For high-resolution images, sections were also examined under a Zeiss 510 inverted confocal microscope. To confirm the specificity of the GPR37 antibody, immunostaining was also conducted in Gpr37-KO mice. To quantify immunofluorescence intensity in skin sections from WT and KO mice, 3-5 sections were included per animal, and the fluorescence intensity was measured using ImageJ software (NIH). ELISA. Mouse ELISA kits for IL-1β, TGF-β, and IL-10 were purchased from R&D Systems (catalog MLB00C for IL-1β, catalog MB100B for TGF-β, and catalog M1000B for IL-10). ELISA was performed using culture media and hind paw skin tissues. Cultured cells and tissues were homogenized in a lysis buffer containing protease and phosphatase inhibitors. For each ELISA assay, 50 μg protein or 50 μl culture medium was used. ELISA was conducted according to the manufacturer's instructions. The standard curve was included in each experiment.
Quantitative real-time RT-PCR. Hind paw skins of mice were collected at different times points of zymosan injection. Total RNA from the skins and cultures was extracted using the Direct-zol RNA MiniPrep Kit (Zymo Research), and 0.5-1 μg RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad). Specific primers including the GAPDH control were designed using IDT SciTools Real-Time PCR software. We performed gene-specific mRNA analyses using the MiniOpticon Real-Time PCR System (Bio-Rad). Quantitative PCR amplification reactions contained the same amount of reverse transcription product, including 7.5 μl of 2× iQSYBR Green Mix (Bio-Rad) and 100-300 nM forward and reverse primers in a final volume of 15 μl. The primer sequences are listed in Supplemental Table 2 . Primer efficiency was obtained from the standard curve and integrated for the calculation of relative gene expression, which was based on real-time PCR threshold values of different transcripts.
Western blot analysis. Protein samples were prepared in the same way as for ELISA analysis, and 30 μg protein was loaded for each lane and separated by 10% SDS-PAGE gel. After the transfer, the blots were incubated overnight at 4°C with polyclonal or monoclonal antibodies against GPR37 (1:2,000, mouse, Santa Cruz Biotechnology, catalog sc-390110). For the loading control, the blots were probed with GAPDH antibody (1:5,000, rabbit, BioWorld, catalog AP0063). These blots were further incubated with an HRP-conjugated secondary antibody and developed in ECL solution (Pierce, Thermo Fisher Scientific). Chemiluminescence signal was revealed by Bio-Rad ChemiDoc XRS for 1 to 10 minutes. Specific bands were evaluated according to apparent molecular sizes.
HEK cell culture and transfection. The HEK293 flip-in cell line was purchased from the Duke Cell Culture Facility. Cells were cultured in high glucose (4.5 g/l) DMEM containing 10% (v/v) FBS (Gibco, Thermo Fisher Scientific). Transfection (2 μg cDNA) was performed with Lonza electroporation at 70% confluency, and the transfected cells were cultured in the same growth medium for 48 hours before use. The hGPR37-V5 pLenti304 plasmids were obtained from the DNA-SU Plasmid Repository, and hGPR32, hChemR23, and hALX pcDNA3 plasmids were provided by Charles Serhan (Harvard Medical School, Boston, Massachusetts, USA).
Dot blot assay for lipid-protein binding. Lipid membrane coating and protein overlay assays were conducted as previously described (50) . Ethanol and chloroform-soluble fatty acids were directly loaded Animals. C57BL/6 mice, Gpr37-KO mice (B6.129P2-Gpr37tm1D-gen/J, stock no. 005806), and Cx3cr1-GFP mice (B6.129P-Cx3cr1 tm1Litt /J, stock no. 005582) were purchased from The Jackson laboratory, and the transgenic mouse lines were maintained at the Duke University animal facility. Adult 8-to 10-week-old male CD1 mice were purchased from Charles River Laboratories. Adult male mice were used for the behavioral and biochemical studies. The animals were housed under a 12-hour light/12-hour dark cycle with ad libitum access to food and water. Sample sizes were estimated on the basis of our previous studies for similar types of behavioral and biochemical analyses (48, 49) . The numbers of mice used in different experiments are summarized in Supplemental Table 1 .
Mouse models of inflammatory pain. Inflammatory pain was induced by i.pl. injection of zymosan (1 μg/μl, 20 μl), IL-1β (1 ng, 20 μl), or capsaicin (5 μg, 10 μl) into a hind paw.
Drug injection. For local i.pl. injection, drugs (20 μl) were injected using a Hamilton microsyringe with a 30-gauge needle.
ISH. We used probes directed against mouse Gpr37 designed by Advanced Cell Diagnostics (RNAscope Probe-Mm-Gpr37, catalog 319291) and performed an RNAscope Fluorescent Multiplex Fluorescent assay according to the manufacturer's instructions. Skin sections (20-μm thick) were used for ISH. Prehybridization, hybridization, and washing were performed according to the manufacturer's instructions.
LacZ staining. Mice were anesthetized and perfused with PBS followed by 4% paraformaldehyde (PFA). Spinal cord, skin, and brain tissues were collected and post-fixed with 1% glutaraldehyde and 2% PFA for 2 hours at 4°C and then transferred to 30% sucrose overnight at 4°C. Tissues were washed with PBS containing 2 mM MgCl 2 , embedded in OCT, and sectioned (20-to 30-μm thick) in a cryostat. The sections were washed with 2 mM MgCl 2 and immediately used for LacZ staining. The staining was processed for 1 to 16 hours at 37°C in a staining solution containing 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 0.01% sodium deoxycholate, 0.02% NP40, 2 mM MgCl 2 , and 1 mg/ml X-gal.
IHC and quantification. After appropriate survival times, the mice were deeply anesthetized with isoflurane and perfused through the ascending aorta with PBS, followed by 4% PFA. After the perfusion, the L4-L5 DRGs and hind paw glabrous skins were removed and postfixed in the same fixative overnight. DRG and skin tissue sections (10 or 20 μm) and free-floating spinal cord and skin sections (30-μm-thick) were cut in a cryostat. The sections were blocked with 2% goat or donkey serum for 1 hour at room temperature and then incubated overnight at 4°C with the following primary antibodies: anti-GPR37 (mouse, 1:500, Santa Cruz Biotechnology, catalog sc390110), anti-CD68 (rat, 1:500, BioLegend, catalog 137001), anti-F4/80 (rat, 1:1000, eBioscience, catalog 14-4801-82), anti-IBA1 (rabbit, 1:1,000, Wako, catalog 019-19741), anti-Gr-1 (rat, 1:1,000, BioLegend, catalog 127601), anti-CGRP (goat, 1:1,000; Bio-Rad, catalog AB_2290729), anti-NF200 (mouse, 1:1,000, MilliporeSigma, catalog AB_477257), and anti-PGP9.5 (rabbit, 1:2,000, UltraClone, catalog AB_2313685) antibodies. After washing in PBS, the sections were then incubated with cyanine 3-(Cy3-), cyanine 5-(Cy5-), or FITC-conjugated secondary antibodies (1:400, Jackson ImmunoResearch) for 2 hours at room temperature. For double immunofluorescence, sections were incubated with a mixture of polyclonal and monoclonal primary antibodies, followed by a mixture of Cy3-and FITC-conjugated secondary antibodies or FITC-conjugated IB4 (10 μg/ml; MilliporeSigma). In some cases, DAPI (1:1,000, Vector Laboratories, catalog H-1200) was used jci.org Volume 128 Number 8 August 2018
ed cells were labeled with FITC-conjugated anti-mouse F4/80 antibody, permeabilized with 0.1 % Triton X-100, and then labeled with APC-Cy7-anti-Ly6G antibody and analyzed by flow cytometry. See Supplemental Table 3 for details on the antibodies used. Phagocytosis assay. The phagocytosis assay was modified from a previously described protocol (27) . pHrodo Red Zymosan Bioparticles (3-μm diameter, Thermo Fisher Scientific, catalog P35364) were rinsed and reconstituted in RPMI medium. Particles were centrifuged (1 min at 100 g) onto adherent pMΦs at a ratio of 10:1 to synchronize binding and internalization. After a 30-minute incubation at 37°C, nonadherent beads were removed with cold PBS, and cells were fixed with 2% formalin. Four optic fields were photographed by epifluorescence microscopy. The quantification of zymosan particles ingested by MΦs was conducted on 38 to 344 MΦs per condition or well, and triplicates were included for statistical analysis.
Behavioral tests in mice. Several behavioral assessments were conducted in a blinded manner. For spontaneous pain, we measured the time (seconds) mice spent licking or flinching the affected hind paws over a 5-minute period after the capsaicin injection (i.pl. 5 μg). To evaluate mechanical pain using the von Frey test, animals were habituated to the testing environment daily for at least 2 days before baseline assessment. The room temperature and humidity remained stable for all experiments. To test mechanical sensitivity, we confined mice in boxes placed on an elevated metal mesh floor and stimulated their hind paws with a series of von Frey hairs with logarithmically increasing stiffness (0.02-2.56 g, Stoelting), presented perpendicularly to the central plantar surface. We determined the 50% paw withdrawal threshold by Dixon's up-down method (48) . We used a Randall-Selitto analgesy meter (Ugo Basile) to examine mechanical sensitivity by applying ascending pressure to the tail of a mouse and determined the mechanical pain threshold when the animal showed a clear sign of discomfort or desire to escape, with a cutoff threshold of 250 g to avoid tissue damage (52) . Thermal sensitivity was tested using a Hargreaves radiant heat apparatus (IITC Life Science) (53) . The basal paw withdrawal latency was adjusted to 9 to 12 seconds, with a cutoff of 20 seconds to prevent tissue damage. Thermal sensitivity was also tested using a hot plate (Bioseb in Vivo Research Instrument). The surface temperature of the plate was controlled over a range of 50°C to 56°C. To test cold sensitivity, a drop of acetone was applied to the ventral surface of a hind paw, and the mouse's response was observed for 30 seconds after acetone application (54) . Responses to acetone were graded according to the following 4-point scale: 0, no response; 1, quick withdrawal or flick of the paw; 2, prolonged withdrawal or flicking; 3, repeated flicking with licking. A Rotarod system (IITC Life Science) was used to assess motor function (48) . Mice were tested in 3 trials separated by 10-minute intervals. During the tests, the speed of rotation was accelerated from 4 to 40 rpm over a 5-minute period. The falling latency was recorded. Paw swelling (edema) after zymosan injection was determined by water displacement plethysmometer (Ugo Basile) (55) . The plethysmometer is a microcontrolled volume meter specially designed for the accurate measurement of mouse paw swelling.
Statistics. All data in the figures are expressed as the mean ± SEM. The sample size for each experiment was based on our previous studies involving such experiments (48, 49) . Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software). Biochemical and behavioral data were analyzed using a 2-tailed Student's t test (2-group comparisons) or 2-way ANOVA followed by onto a hydrophobic PVDF membrane (MilliporeSigma). The membrane was coated with NPD1, TX14, and RvE1. The fatty acid-coated membranes were dried and blocked with 1% BSA. The HEK293 cells were transfected with GPR37 cDNA with a V5 tag (GPR37-V5) or with an empty vector (mock transfection) using Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific). Cell lysates were incubated overnight with the coating membrane at 4°C, and the binding was detected by anti-V5-tagged antibody (mouse, 1:1,000, Thermo Fisher Scientific, catalog 46-0705). The blots were further incubated with an HRP-conjugated secondary antibody and developed in ECL solution (Pierce, Thermo Fisher Scientific). The intensity of lipid-protein binding was evaluated using ImageJ software.
pMΦ culture. pMΦs were collected by peritoneal lavage with 10 ml warm PBS containing 1 mM EDTA. Cells were incubated in DMEM supplemented with 10% FBS at 37°C for 2 hours in a Petri dish and washed with PBS to eliminate nonadherent cells. The adherent cells were used as pMΦs. pMΦs were used after 3 days of culture.
Calcium imaging. HEK293 cells, with or without transfection of human GPR37, GPR32, Chem23, or ALX1 cDNAs, were loaded with 5 μM Fura-2AM (Invitrogen, Thermo Fisher Scientific) for 1 hour and then resuspended in normal external buffer (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, titrated to pH 7.4 with NaOH) or external Ca 2+ -free buffer (140 mM NaCl, 2 mM MgCl2, 5 mM EGTA, 10 mM HEPES, titrated to pH 7.4 with NaOH). pMΦs, collected from WT and Gpr37-KO mice, were loaded with 5 μM Fluo-4AM (Invitrogen, Thermo Fisher Scientific) for 1 hour and then resuspended in normal external buffer. Images of the HEK293 cells with an excitation wavelength of 340 nm and 380 nm or MΦs with an excitation wavelength of 488 nm were captured with a cooled Digital CMOS camera (ORCA-Flash 4.0, Hamamatsu Photonics). The ratio of fluorescence intensity of the 2 wavelengths in each experiment was analyzed using MetaFluor software(Molecular Devices). The Shutter speed and wavelength were controlled by the Lambda DG-4 system (Sutter Instrument Company). Values from each experiment were normalized to the baseline ratio of 340:380 nm or the basal intensity for MΦs. Quantification of calcium levels was conducted on 72 to 250 HEK293 cells or MΦs/ condition/well, and at least 3 cultures were included.
Isolation of skin cells. Skin tissues from noninflamed and inflamed hind paws were cut into small strips of 1 to 2 mm thickness and placed in 1 mg/ml collagenase A and 2.4 U/ml Dispase II (Roche Applied Sciences) in HBSS. Tissues were incubated at 37°C with continuous shaking at 200 rpm for 90 minutes. The skin cells were triturated by pipette, washed with HBSS and 0.5% BSA, and filtered through a 70-μm mesh and then treated with 1 × RBC lysis buffer (BioLegend).
Flow cytometry. Surface expression of GPR37, F4/80, CD11b, and Ly-6G was determined by flow cytometry, as we previously described (51 
